Rl4/ 1959 were revealed using rabbit polyclonal homologous and heterologous R-and O-specific antisera and the appropriate antigens. including synthetic antigens which represent partial structures of various Proteus LPS.
Introduction
Bacteria belonging to the genus Proteus are widely distributed in nature and are important human opportunistic pathogens which cause wound and uri-endotoxic lipopolysaccharides (LPS) [ 1, 9] , have been described. LPS is the main surface bacterial antigen and exhibits numerous biological activities, including pathophysiological effects. LPS and capsular polysaccharide of pathogenic Proteus strains are considered to play an important role in infection and seem to be also involved in formation of stones [ 10, I I] . Recently, we have investigated structurally and immunochemically O-antigen polysaccharide chains of LPS of a number of P. mirabilis, P. ~dgaris, and P. per?nevi strains [9] . A structural feature common for most of these O-antigens is the presence of uranic acids and their amides with amino acids, which often serve as immunodeterminants [9, 12] . Six types of core regions have been identified in Proteus LPS [ 131, and the structure of the type II core of chemotype Ra was established [l4] . as well as those of chemotypes Rc [ 1.51 and Re [ 161.
Now we report structural and serological studies of LPS and the polysaccharide chain of LPS (T-antigen) of P. mirubilis RI 4/ 1959 mutant in comparison with some other Proteus LPS. We also propose to reclassify this mutant as a T-like form on the basis of the presence of a high molecular weight polysaccharide chain, which differed in chemical composition from the O-antigen of the parental strain P. mircrbilis S 1959 [I] . According to F. Kauffmann (1966) . "T forms do not contain the normal 0 antigen and are regarded as transient, serological forms between the S and R form" [17] .
Materials and methods

P. mirabilis
R mutants Rl IO/ 1959 (Ra) . R13/1959 (Ra) , R14/1959 (Rb) , R45/1959 (Re) . R4/028 (Rc), the wild strain P. miruhilis S 19.59, and P. pumeri strain 42 were from the collection of the Institute of Microbiology and Immunology, University of Lodz. P. mirubilis 028 was obtained from the Czech National Collection of Type Cultures, Institute of Epidemiology and Microbiology, Prague. R mutants were derived from the wild strains P. mirabilis S 1959 and 028 by treatment with methyl p-toluenesulphonate and ultraviolet irradiation, respectively [ 11.
Bacteria were cultivated aerobically in nutrient broth (Warsaw Serum and Vaccines Laboratory), supplemented with 1% glucose. The bacteria1 mass. harvested at the end of the logarithmic growth phase, was centrifuged, washed with saline, and lyophilised.
Isolatkm of LPS ad pol~scrc,c,hurides
LPS from the S forms of P. mirubilis and P. prnneri, as well as from P. mirabilis R14/ 1959. were isolated by the phenol-water method of Westphal et al. [ 181, whereas LPS from P. mirubilis R mutants were extracted by the phenol-chloroformpetroleum ether method described by was prepared by saponification of LPS with sodium hydroxide (0.25 M, 56°C 2 h) followed by precipitation with ethanol. The polysaccharides were obtained by mild acid hydrolysis of LPS (1% CH,COOH, lOO"C, I .5 h) followed by fractionation on Sephadex G-50, as detailed earlier [ 141.
Synthetic antigrrzs
The following glycopolymers were used, which represent partial structures of known O-antigens of P. mirabilis:
and GlcNAc-PAA, where PAA is polyacrylamide carrier. They were obtained from 2-acrylamidoethyl cr-glycosides of D-GalA bearing amide-linked amino acids or from /3-glycoside of D-GlcNAc by copolymerisation with acrylamide [20] . Polygalacturonic acid (poly-GalA) was from Sigma (Deisenhofen. Germany).
Analyticul mrthnds
Chemical analyses were performed essentially as described previously [ 141. Neutral sugars were determined by GLC as alditol acetates after hydrolysis with 0.1 M HCl for 48 h at lOO"C, using a Varian model 1520B gas chromatograph, equipped either with a packed column of 3% ECNSS-M on GasChrom Q (100-200 mesh) or with a fused silica WCOT capillary column (DB-225. 30 m X 0.5 mm i.d., 0.25 mm film thickness). The temperature program was 170°C; isothermally for 2 min, then with a ramp rate of 10°C mini ' to 270°C; D-xylose was used as internal standard. Galacturonic acid (GalA) was quantified by the orcinol method. Quantification of amino sugars was performed on a Durrum D-500 automatic amino acid analyser after hydrolysis with 4 M HCI at 100°C for 12 h. 3-Deoxyketooctonic acid (Kdo) was determined by the thiobarbituric acid method after acid hydrolysis (1 M HCl, IOO'C, 2 h). Phosphorus was determined by the method of Lowry (see [141) .
Combined GLC/mass spectrometry (GLC/MS) was performed on a Hewlett Packard 5988 A automatic GLC/MS system using a fused silica HP-l capillary column (12 m X 0.20 mm i. d.) and a temperature program (120-250°C 5°C min-' ). Ion energy was 70 eV. the ion source temperature 200°C. and the injection port temperature 250°C.
Methylation analysis was performed according to Hakomori and Stellner (see [14] ). The methylated samples were purified on a Sephadex LH-20 column (20 cm X 1 cm) irrigated with a 1: 1 (by vol.) mixture of chloroform and ethanol or by passing through a C ,8 Sep-Pak cartridge (Waters Associates, Kiinigstein, Germany) according to Mort et al. (see [14] ).
Reduction of GalA in the permethylated T-antigen was carried out according to the method of Valent (see [ 141) . Briefly, the methylated sample (2 mg) in a mixture of ethanol (0.7 ml) and tetrahydrofuran (1.4 ml) was reduced with NaB'H, (6 mg) at 20°C for 1X h and then at 80°C for 1 h. The excess of NaB'H, was destroyed by adding a drop of 50% acetic acid. The material was purified on a C,, Sep-Pak cartridge, and partially methylated monosaccharides were derived and analysed by GLC/MS as alditol acetates.
NMR analysis was performed as described previously [2 1,221.
Serological technique.s
Serological tests were essentially the same as used previously 123,241 and are here only briefly described.
Anti-O and anti-R sera were obtained by immunisation of New Zealand White rabbits (of approximately 2.5-3.5 kg) with heat-killed (100°C. 2.5 h) P. mirabilis S forms or R mutants, respectively. Immunisation was carried out with bacterial suspensions (1.5 X 10" CFU ml-') in doses of 0.25, 0.5 and 1 ml via the marginal ear vein over a three-week period. The levels of specific antibodies in the antisera were checked using precipitation test. Five days after the last injection, blood was taken by cardiac puncture, and the sera obtained were stored at -20°C.
Finally, the antisera were absorbed with sheep red blood cells (SRBC) and complement was inactivated (56°C 30 min.).
The immunoglobulin fraction (IgG isotype) was isolated from the whole P. mir-ubilis Rl4/1959 antiserum by affinity chromatography using protein G-Sepharose 4 Fast Flow (Pharmacia/LKB, Uppsala).
For quantitative precipitation a micromethod was used.
For passive immunohemolysis test, SRBC were sensitised with LPS-OH (200 pg per 0.2 ml of SRBC) for 30 min at 37°C. The coated cells were washed with phosphate-buffered saline. pH 7.2, and suspended at a concentration 0.5%. Antisera were serially diluted in 96-well microtitre plates and supplemented with 50 11 antibody. 50 ~1 sensitised SRBC, and 25 ~1 guinea-pig complement diluted 1:20 with Verona1 buffer. Hemolysis titres were read after incubation at 37°C for 1 h. One hemolytic unit of antibody was defined as the amount causing 50% hemolysis. The passive immunohemolysis inhibition test was also carried out in microtitre plates: diluted antibody (25 ~1) containing 2-3 hemolytic units was preincubated (15 min, 37°C) with graded amounts of the respective inhibitor, and then the appropriately sensitised SRBC (50 ~1) and complement (25 ~1) were added. The plates were incubated at 37°C for 1 h, and the 50% inhibition values of lysis were read.
Absorption of P. mirubilis Rl4/ 1959 antiserum (1 ml) was carried out at 4°C for 1 h with 1 ml of packed SRBC coated with the respective antigen. The level of antibodies in the serum after absorption was evaluated using passive immunohemolysis test.
Antigenic relatedness to the synthetic antigens was determined in microtitre plates making use of the following method: P. mirabilis R14/1959 antiserum diluted 1:20 with 80 ~1 Verona1 buffer was incubated with a synthetic antigen (20 ~1; concentration 5 mg ml-') at 37°C for 0.5 h; then the level of antibodies in the incubated antisera reacting with the homologous LPS-OH was determined using passive immunohemolysis test.
PAGE and Western blot
These were done as described previously [24] . Briefly, DOC-PAGE and SDS-PAGE of LPS were carried out in the buffer system of Laemmli with 14% acrylamide running gel and 5% stacking gel, and stained after periodate oxidation with silver nitrate. In Western blot analysis, LPS from the gel was electrophoretically transferred to a nitrocellulose sheet and developed with rabbit polyclonal antiserum followed by incubation with peroxidase-conjugated goat anti-rabbit IgG (Dianova. Germany), the latter requiring the HRP Colour Development Reagent containing 4-chloro-1 -naphthol (Bio-Rad, Munich, Germany) and H,O, as substrate.
Results
I. Characterisation of LPS
DOC-PAGE was used for preliminary analysis of the heterogeneity and the substitution rate of the core region of LPS of P. mirabilis R mutants and S forms (Fig. 1) . LPS from R14/ 1959 displayed a ladder-like migration pattern typical of S-form LPS. This pattern differed much from those of other P. mirabilis R mutants and showed that P. mirabilis R14/1959 synthesises not only an R-form LPS, but LPS species with high molecular weight polysaccharide chains having varying number of repeating units.
This suggestion was confirmed by gel chromatography on Sephadex G-50 of the mild acid-degraded LPS (Fig. 2) . whereby the carbohydrate portion could be separated into three fractions: a high molecular mass fraction designated as the T-polysaccharide (T-antigen chain attached to the core). a core oligosaccharide fraction, and a low molecular fraction. containing mainly Kdo and salts.
Chemical composition of the intact LPS, T-polysaccharide. and core oligosaccharide is shown in Table 1 
Structural study of T-antigen
The T-polysaccharide contained mainly D-Glc, DGalA, D-GlcN, as well as lower amounts of the core oligosaccharide constituents, including LD-Hep and Kdo. Vice versa, the core oligosaccharide fraction contained T-antigen components (Table l) , probably due to the attachment in some species of one or several T-antigen repeating units.
Methylation analysis of the T-polysaccharide resulted in identification by GLC/MS as alditol acetates of 2,3,6-trimethylglucose, 3.4,~~trimethylglu-case. 2-acetamido-2-deoxy-2,4,6-trimetylglucose, and 2.3-dimethylgalactose (from 4-substituted GalA). Higher content of the glucose derivatives as compared to those of GlcN and GalA (N 5: I) may be accounted for by the resistance of the glycosidic linkage of GlcN and GalA towards acid hydrolysis. A tiny amount of 2,3.4-trimethylgalactose (from terminal GalA) was also detected. Therefore, the T-antigen is linear and contained mainly 2-substituted glucose, 4-substituted glucose, 4-substituted GalA, and 3 substituted GlcNAc.
The '"C-NMR spectrum of the T-polysaccharide allowed determination of the complete structure of the repeating unit. The spectrum was identical to that of the O-antigen of Proteus yenneri strain 42 which was structurally elucidated previously [22] and, hence, the T-antigen had the same structure depicted below:
Serological studies
Rabbit polyclonal homologous and heterologous R-and O-specific antisera were used for studies of the epitope specificity of P. mirabilis Rl4/ 1959 LPS. Preliminary experiments, run in parallel with the whole Rl4/1959 antiserum and with purified IgG antibodies, showed no differences in specificity of antibodies from both sources. Therefore, in further assays (inhibition, quantitative precipitation, etc.) the whole P. mirabilis Rl4/ 1959 antiserum was used.
Titres of specific antibodies in P. mirabilis Rl4/ 1959 antiserum were checked with the homologous LPS and products of its degradation using precipitation test (data not shown). It was found that the antiserum reacted with LPS, LPS-OH, and the T-polysaccharide fraction from P. mirubilis Rl4/ 1959 as well as with poly-GalA. Only a weak reaction was observed with the core oligosaccharide fraction from P. mirabilis R14/ 1959.
The results of quantitative precipitation test are presented in Fig. 3 100 ~1 of non-diluted antiserum in the equivalence zone). A strong cross-reaction was observed between P. mirubilis R14/ 1959 antiserum and P. penneri 42 0-polysaccharide (data not shown). which pointed to the presence of a common epitope (or epitopes) in the T-antigen and the P. penneri 42 O-antigen.
Cross-reactivity of P. mirabilis R 14,' 1959 antiserum with LPS of selected Proteus strains with known structures of the carbohydrate chains (P. mirabilis 028, S 1959, Rl 10 (Ra-type) mutant, P. penneri 42, for the structures see Fig. 4 ) as well as of the corresponding antisera with P. mirubilis R14/ 1959 LPS was studied in passive immunohemolysis test (Table 2) . A strong cross-reaction with P. mirubilis R14/ 1959 antiserum was observed for S-form LPS of P. mirubilis S1959. 028 and P. penneri 42 and a weak reaction for LPS of R-strain P. mirubilis Rl 10. Antisera to all strains studied cross-reacted with LPS of P. mirabilis R14/1959, that to P. penneri 42 being most active. These cross-reactions were confirmed by SDS-PAGE/Western blot analysis (Fig. 5 ).
tial structures of P. mirubilis 028 and S1959 LPS [201 were used as inhibitors (Table 3) . As expected, LPS and the T-polysaccharide of P. mirubilis R14/ 1959 and LPS of P. penneri 42 gave the strongest inhibition.
These data suggested the presence of an epitope (or epitopes) common to LPS of P. mirubilis R14/1959. S1959, and 028. In order to reveal this epitope, inhibition of passive immunohemolysis in the test system of P. mirabi1i.s R14/ 1959 LPS-OH and the homologous antiserum was used. In this test, homologous and heterologous LPS, products of their degradation, and synthetic antigens representing par- None of the synthetic antigens showed inhibitory activity that may be accounted for by rather high dilution of antiserum (giving 50% of hemolysis with the respective antigens) necessary in the inhibition test. The following procedure was used to overcome this difficulty: P. mirabilis R 14/ 1959 antiserum diluted 1:20 was incubated with the synthetic antigens for 30 min at 37°C and then used in passive immunohemolysis test with P. mirubilis R14/1959 LPS-OH as antigen. As shown in Table 4 , the reactivity of the antiserum with the homologous antigen was abolished by D-GalAct-Lysl-PAA and reduced by D-GalA(D-Lysl-PAA, while o-GalA(t,-Ala)-PAA and D-GlcNAc-PAA were inactive. In contrast to a previous observation with small amount of LPS of P. mirabilis R14/ 1959 mutant, which gave in DOC-PAGE only a fast migrating double band [ 141, larger amount of LPS ( w 5 pg) displayed unexpectedly a ladder-like pattern typical of S-form LPS (Fig. 1) . Chemical analysis of LPS and fractionated products of its mild acid degradation revealed that P. mirabilis R14/ 1959 produced both R-and S-form LPS species containing a core oligosaccharide and a high molecular weight polysaccharide linked to the core, respectively. The polysaccharide was built up of mainly D-glucose, D-GalA. and D-GlcNAc and differed in composition and structure from the O-antigen chain of LPS of the parental strain P. mirabilis S 1959. Methylation analysis and NMR studies revealed that it had the same structure as the O-antigen of P. penneri strain 42 studied previously [22] . We proposed the name 'T-antigen' for the high molecular weight polysaccharide chain of P. mirabilis Rl4/ 1959 LPS because of similarity with the polysaccharide chain present in LPS of Salmonella,friedenau T 1 form [ 17,261. However, one should keep in mind that the Salmonella Tl chains are homopolymers of ribofuranose and galactofuranose linked to the complete Ra core [26] , whereas the P. mirabilis R14/ 1959 T-antigen is a heteropolymer (this work) and LPS contains probably both complete and truncated core oligosaccharides (authors' unpublished data).
Elucidation of the structure of the P. mirubilis R 14,' 1959 T-antigen allowed investigation of the epitope specificity of polyclonal rabbit antisera risen against this and related Proteus strains. Thus, P. mirubilis Rl4/ 1959 antiserum reacted with polyGalA in quantitative precipitation assay (Fig. 3) and P. mirubilis R 14/ 1959 LPS strongly cross-reacted with P. mirabilis Rl 10 antiserum (Table 2) , in which the majority of antibodies are directed against terminal GalA present in the core of the homologous LPS (authors' unpublished data). These data pointed to a possible role of D-GalA (terminal in the last nonreducing repeating unit of the T-antigen or substituted by GlcNAc in all other repeating units) for manifesting the serological specificity of P. mirabilis Rl4/ 1959 and for its cross-reactivity with P. pmneri 42 antiserum.
Strong cross-reactivity of P. mirabilis Rl4/1959 antiserum with LPS of P. mirubilis S1959 and 028 (Table 2) suggested the presence on their LPS of antigenic determinants having identical or very similar structures. Previous studies using synthetic antigens have revealed the role of a D-GalA(L-Lys)-containing epitope present in the O-antigens (Fig. 4) for manifesting the serological specificity of P. mirubilis S 1959 and 028 [ 121. Study of P. mirabilis R 14/ 1959 with the same synthetic antigens showed the presence of a similar epitope, which is important for the reaction of P. mirabilis Rl4/ 1959 antiserum with the homologous LPS. This reaction was abolished or markedly reduced when the antiserum was absorbed with D-GalA(L-Lys)-PAA or D-GalA(D-Lys)-PAA, respectively, but not with other synthetic antigens. Unlike for P. mirubilis 028 [ 121. the absolute configuration of lysine was found to be important in the case of P. mirabilis R 14/ 1959.
Since structural analysis did not confirm the presence of L-lysine in the T-antigen, the cross-reactive epitope seems to occur in the core region of P. mirabilis R14/1959 LPS. This is in agreement with the presence of significant amounts of D-GalA and L-lysine in the core oligosaccharide fraction obtained after mild acid degradation of LPS (Table I) . Moreover, Western blot showed that P. mirubilis 028 antiserum, which is rich in antibodies recognising L-Lys (D-GalA) [ 121, reacted only with fast moving low molecular weight LPS species of P. mirabilis R 14,' 1959. Detailed structural study of the core region of this LPS is necessary to finally confirm this suggestion.
It is worthy to mention the importance of the epitope structure elucidation of the surface antigens involved in acute and chronic infections caused by such etiologic agents as P. mirabilis and P. penneri [8, 27] . Since lysine. GalA, and possibly also GlcNAc play the most prominent role in the epitope specificity of a number of Proteus O-antigens, it will be of interest to obtain the corresponding synthetic antigens, which may serve as immunogens for production of cross-reactive monoclonal and polyclonal antibodies. These antibodies could be useful for serodiagnosis and tested for protective activity against Proteus infections.
